Supersymmetric models with a small chargino-neutralino mass difference, and as a result metastable charginos, have been a popular topic of investigation in collider phenomenology. The possibility of a chargino lighter than the lightest neutralino has also been raised. Recently, the absence of any supersymmetric signal in the 8 TeV LHC data has led to significant interest in the so-called Natural SUSY models with light higgsinos. These models also have a naturally small chargino-neutralino mass difference. However, we show here that when relevant indirect constraints from results at the LHC and elsewhere are applied, this possibility is heavily constrained within the Minimal Supersymmetric Standard Model (MSSM): massive metastable higgsinos are not a signature of Natural SUSY.
Introduction
Models with near-degenerate electroweak gauginos have long been studied in the context of anomaly-mediated breaking of supersymmetry (SUSY) [1, 2] . The absence of any SUSY signal at the LHC and the question of the naturalness of the theory has recently led to the consideration of the so-called Natural SUSY models, where only the higgsinos, the stops, the left-handed sbottom, and, to a more limited extent, the gluino, are necessarily light enough to be probed at the LHC [3, 4] . Higgsino dominance of light neutralinos and charginos in these models could also lead to a small mass difference between the two particles. Such spectra would in turn result in rather characteristic experimental signals in high-energy collisions, including charginos that live long enough to create displaced vertices, or even pass through the detector before decaying, if the mass difference is sufficiently small [5] [6] [7] . Considerable effort has been invested in searching for such massive metastable charged particles (MMCPs), see e.g. the reviews [8, 9] , and the most recent experimental limits [10] [11] [12] . § From 01.09.2013 at National Centre for Nuclear Research, Hoża 69, 00-681 Warsaw, Poland.
This mass difference is also important to searches for Natural SUSY through the production of stop quarks. The decayt 1 → tχ 0 1 will have competition from a significant fraction oft 1 → bχ + 1 decays, where a small mass difference between the resulting chargino and the neutralino will make the decay products, other than the b-quark, very soft and difficult to detect.
As discussed by Kribs et al. [13] , in the general Minimal Supersymmetric Standard Model (MSSM) the chargino could in principle be even lighter than the lightest neutralino in a corner of the parameter space, with the gravitino (or axino) constituting dark matter, thus avoiding a completely stable massive charged particle. Note that this is not in line with the standard anomaly-mediated breaking scenario, where the gravitino is heavy compared to the other sparticles which have loop-suppressed masses.
In this paper, we investigate how degenerate the lightest neutralino and chargino can be in Natural SUSY models based on the MSSM. We explore to what extent these models are compatible with current collider constraints, and in particular with the discovery of a new boson at the LHC, when interpreted as the light SM-like Higgs state of the MSSM [14, 15] . This is done by scanning the relevant parameter space using the Bayesian inference tool MultiNest 2.17 [16, 17] for the analysis of posterior probability distributions. We find that there is very little room left for degeneracy when requiring that the models are compatible with existing constraints, in particular for a higgsino chargino-neutralino pair, and that the possibility of negative mass differences discussed in [13] is effectively ruled out in Natural SUSY.
We begin in Section 2 by discussing the parameters that affect the chargino-neutralino mass difference in the MSSM and the parameter space of Natural SUSY. The scan that we have performed is described in Section 3. Finally we describe the consequences of our results in Section 4, discussing in particular the implications for chargino decay length, before we conclude in Section 5.
2 The relevant parameter space of Natural SUSY
Chargino-neutralino mass difference
In the MSSM, the free mass parameters of the neutralino and chargino mass matrices at tree level are M 1 , M 2 and µ.
1 In addition tan β also enters as a free parameter. The complex phases of the mass parameters are very constrained, in particular, due to the electric dipole moments [19] [20] [21] [22] . However, there are no a priori grounds not to give arbitrary signs to these, although by a rotation of basis we can choose M 2 to always be positive.
For small M 1 the lightest neutralino will be a bino, which is historically the most popular choice. Here there is no degeneracy between the chargino and the neutralino, because M 1 does not enter into the chargino mass matrix. When µ or M 2 is the smallest parameter we may have a higgsino or wino neutralino, and in both cases there may be degeneracy with the chargino.
In Natural SUSY models the higgsino limit is commonly realised.
2 Here, with M 2 > µ, M W , the tree-level mass difference ∆m ≡ mχ± 
Natural SUSY
The essential phenomenological properties of Natural SUSY are the existence of two light stop quarks, a light left-handed sbottom quark, a light higgsino chargino and neutralino, and a relatively light gluino. These are the necessary ingredients that provide a less finetuned electroweak sector.
In order to cover all the MSSM parameter space that features Natural SUSY we must investigate a suitable subset of the MSSM parameters. For EWSB we choose µ, m A 0 and tan β as the free parameters, and derive m Hu and m H d . For the higgsinos we further need the gaugino masses M 1 and M 2 . The gluino mass is also a free parameter through M 3 . The properties of the light squarks are covered by separate soft masses for the third generation squarks, m Q 3 , m u 3 and m d 3 and a free choice of trilinear term for the squark mixing A 0 . For the remaining MSSM parameters we assume that the squarks and sleptons are too massive to be relevant, and we simply fix a common high value of 3 TeV for their corresponding soft masses. All parameters are defined at a scale of 1 TeV, except for tan β and the pole mass m A 0 . In total we have ten free parameters for our model of Natural SUSY. The question of what priors and parameter ranges to use for the scan will be discussed in Section 3.2.
3 Parameter scan
Bayesian parameter estimation
In order to study the parameter space of Natural SUSY we employ Bayesian parameter estimation. In this section we review the basic concepts of this method most relevant for our analysis.
Starting from a model H with a set of parameters Θ, such as our parameterisation of Natural SUSY, the goal of Bayesian parameter estimation is to use a set of data D to determine the posterior probability distribution for the parameters, P (Θ|D, H).
3 From Bayes' theorem,
the posterior distribution is given in terms of the likelihood L(Θ) = P (D|Θ, H) and the prior belief in the values of the parameters of the model π(Θ) = P (Θ|H), with the Bayesian evidence Z = P (D|H) as a normalization factor.
For any parameter point Θ in the model, a probability density function (PDF) for the outcome of an experiment can be constructed, e.g. a Gaussian centered at the outcome predicted by the given model parameter point. The likelihood function is then obtained by evaluating this PDF for the case where the outcome equals the observed data D and interpreting the resulting expression as a function of the model parameters. Thus the likelihood quantifies the level of agreement between the model and experiment across the parameter space.
The prior is the PDF describing our degree of belief in a given parameter point before confronting the model with the data, e.g. on the basis of previous experiments or theoretical consideration. The particular priors and likelihoods used will be discussed in the next section; for reference they are to be found in Tables 1 and 2 , respectively. Finally, the Bayesian evidence is given by
The evidence is a key quantity when doing Bayesian model comparison, but for the purpose of parameter estimation it only serves to normalize the posterior distribution.
For models with a large number of parameters and a complicated mapping from parameters to observables, the posterior P (Θ|D, H) can be approximated by Monte Carlo methods. The result is a set of parameter points Θ i distributed according to P (Θ|D, H).
Here we make use of the MultiNest algorithm, to which we supply a likelihood L(Θ) and a prior π(Θ). For a description of MultiNest, see Ref. [16, 17] When P (Θ|D, H) is known, one can relatively easily obtain the posterior probability distribution, often just called the posterior, for some function f (Θ) of the parameters, e.g. the predicted mass of a (new) particle in the model. In this work we will mainly study two-dimensional posterior distributions P (X, Y |D, H) for pairs of observables X, Y . To obtain these we start from the joint posterior distribution for both the observables and the parameters, P (X, Y, Θ|D, H).
Since the two observables are functions f X and f Y of the model parameters, this joint posterior is related to the parameter posterior P (Θ|D, H) simply by
Therefore, given a set of parameter points Θ i drawn from P (Θ|D, H), we simply calculate
Finally, as the two-dimensional posterior of the observables P (X, Y |D, H) is related to P (X, Y, Θ|D, H) through integration (so-called "marginalization") over the model parameters,
an approximation to the two-dimensional posterior distribution P (X, Y |D, H) that we want can be obtained by histogramming the Monte Carlo samples (X, Y, Θ) i in terms of the observables X and Y .
Scan set-up
The scan uses MultiNest 2.17 [16, 17] to explore the Natural SUSY parameter space based on a likelihood function L(Θ) defined from observables and a choice of prior distribution function π(Θ). In order to calculate the necessary observables for each sampled parameter point we make use of several public codes: the particle spectrum, including the effects discussed in Section 2 for the chargino-neutralino mass difference, is calculated by SoftSusy 3.3.5 [28] . Furthermore, Higgs masses are calculated by FeynHiggs 2.9.4 [29] [30] [31] [32] , while B-physics observables are calculated using routines contained in MicrOMEGAS 2.4.5 [33] [34] [35] . The Python SUSY Les Houches Accord (SLHA) interface PySLHA is used to ease communication between the different codes, as well as processing the final results [36] . The scan output is a representative posterior sample of the parameter space with ∼ 130k equally weighted points. This is achieved after combining the results from four independent scans, each running in parallell on 48 modern CPUs for 50 hours, using 6000 live points for the nested sampling. In total, the scan visits some 10M parameter points.
The prior distribution function π(Θ) is constructed from the priors π i (θ i ) for each individual parameter,
The authors of [24] show that using logarithmically flat priors,
i , corresponds to penalising unnatural models with exactly the Barbieri-Giudice fine-tuning measure [25] For the parameter ranges, taking too wide intervals is problematic for scan efficiency; nevertheless, we want to ensure that we capture all of the parameter space which can reasonably be termed natural. From arguments in the literature [4] , we consider stops and sbottoms with masses below 1 TeV as plausible in a natural model, thus this value is chosen as the upper bound for the respective soft masses. For the same reason the value of |µ| is also kept below 1 TeV, but µ can be negative. For the gluino an upper mass of 2 TeV is used since the naturalness bound is weaker. The other gaugino masses are allowed to range up to 5 TeV, and are allowed to be negative. As we have seen in Sec. 2.1, it is essential to cover negative M 1 values and large values of M 2 in order to explore the most degenerate parts of the parameter space for higgsinos. Prior distributions and ranges for all scanned parameters are summarised in Table 1. As the basis for the likelihood L(Θ) is the PDF of the observables and we assume the observables to be independent, the likelihood is constructed as
where L i (Θ) are the likelihoods for the individual observables. For every measured observable we use a gaussian likelihood in terms of the observable, except for BR(B s → µµ) for which we use the likelihood function published by the LHCb experiment [37, 38] . 5 For lower bounds on sparticle masses the likelihood is either 1 or 0 depending on whether the bound is satisfied or not.
The set of measured observables that enter in the complete scan likelihood is listed in Table 2 together with the choice of likelihood functional form, while the set of applied mass limits is given in Table 3 . We use information on the lightest Higgs mass from the LHC, 5 As the experimental likelihood for BR(B s → µµ) published by LHCb covers a fairly wide range of BR values [37, 38] , we use this for our scan, even though the corresponding measurement published by CMS is slightly more constraining [39] . 6 Note that by using this constraint we are demanding that the corrections responsible for the large measured Higgs mass come from the MSSM sector alone and not from e.g. extra NMSSM degrees of freedom. Table 1 : List of scanned parameters with ranges and priors. All dimensionful parameters are given in GeV. In the case of log priors, the prior distributions are set to zero over the ranges (−25, 25) and (0, 25) GeV for signed and non-negative parameters, respectively.
the current average experimental value of M W and a selection of the most constraining Bphysics results. The reader may wonder why we do not consider the measurement of g − 2 for the muon. To approach the experimental value, large values of tan β are preferred and as discussed in Section 2.1 this will require even larger values of M 2 in order to give small or negative ∆m in the higgsino limit. 7 Including the measurement can only further strengthen our conclusions. Dropping the measurement, in light of the lingering controversy over the difference between experiment and SM prediction, is thus a conservative approach here.
For the hard cuts a selection of direct and indirect mass limits from LEP and Tevatron are used. Here we apply a conservative interpretation of published limits at 95% C.L., paying close attention to the region of validity in parameter space; e.g. the absence of GUT-motivated relations for the gaugino masses relaxes many of the standard bounds, and the possibility of a higgsino LSP complicates matters further. Assuming R-parity is conserved, we apply the most conservative of the MMCP limits in [40] on models where the lightest chargino is lighter than the lightest neutralino, which is the one for pure higgsinos. The impact of more constraining experimental searches for long-lived charged particles when ∆m > 0 is discussed in Section 4. Further details on the applied experimental mass limits are given in Table 3 , together with the list of mass cuts employed to constrain the scan to the Natural SUSY scenario. 
)
< 500 -imposed for naturalness Table 3 : List of hard mass cuts employed in the scan. All masses are given in GeV.
No dark matter constraints have been applied. For a chargino lighter than the lightest neutralino, the most natural dark matter candidate would be the gravitino. The possibility of the gravitino as the actual LSP would throw most such constraints out the window.
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Nor do we apply direct collider constraints from the LHC in the scan. These often have a complicated dependence on the MSSM mass spectrum, e.g. the many searches for jets and missing energy depend on the first and second generation squark masses which we have fixed. To avoid such constraints it suffices to have these squark masses sufficiently large. Searches for EW production can likewise be avoided with large slepton masses, since the alternative of direct chargino production with short lived charginos is invisible due to the soft pion decay products in our scenarios.
Constraints from the production of third generation squarks or gluinos have already been discussed in the literature [4, 47, 48] . 9 While these now narrow down the allowed parameter space of Natural SUSY, for the purpose of this paper it is sufficient to observe that there are parts of the parameter space that survive the current constraints. For example, this is the case in scenarios with relatively high third-generation squark masses, or scenarios with relatively small third generation squark-higgsino mass difference [47] . Such parameter choices do not have a significant impact on our conclusions on the charginoneutralino mass difference which is the focus here.
In view of the above, we focus on the predictions of indirect constraints for the viable parameter space. However, we shall of course discuss the impact of direct LHC searches for long lived charged particles in Section 4 below.
Results of scan
In Fig. 2 (left) we show our main result, the marginalised posterior probability distribution in the mχ0 1 − ∆m plane, for a wide range of mass differences (upper panel) and focused on small mass differences (lower panel). As expected from naturalness considerations, the lightest neutralino is fairly light, with the upper 68% C.R. extending up to ∼ 400 GeV.
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The region of very light neutralinos in the upper panel may seem to be in conflict with the PDG limit of mχ1 0 > 46 GeV [27] . However, this bound assumes a GUT relation for the gaugino masses. Other limits, such as from the invisible Z-width, excludes very little of the parameter space not excluded by chargino bounds [49] .
The negative mass differences that are in principle possible for higgsinos, see Sec. 2.1, are outside the 95% C.R. By removing the relevant constraints we have checked that the physical explanation of this traces back to a combination of three constraints: first, the relatively large Higgs mass prefers large stop masses and high tan β in order to get 8 There could be new relevant constraints from the neutralino/chargino lifetime compared to Big Bang Nucleosynthesis that we do not consider here. 9 The authors of [48] also note the difficulties in having a small mass difference for higgsino LSPs. 10 There is a slight mismatch in the reach of the 68% C.R. in the two panels due to the plot resolution. (top left) and ∆m versus the fine-tuning measure c ≡ max{c θ i } (top right), where {θ i } is the set of free model parameters in the scan. The black and white lines show the 68% and 95% C.R., respectively. The bottom panels depict the same distributions, but focused on small mass differences.
sufficient radiative corrections in the MSSM. As noted in Sec. 2.1, a high tan β disfavours small chargino-neutralino mass differences due to the small numerical value of the factor sin 2β in Eq. (2.1), which gives the mass difference for the higgsino case. This dependence in (2.1) stems from higgs-higgsino-gaugino terms in the Lagrangian, which enter into the tree-level neutralino and chargino mass matrices.
The second and third significant constraint is the LEP chargino mass bound and the Tevatron limit on MMCPs. These exclude, respectively, points with small but positive ∆m for chargino masses below ∼ 100 GeV, and negative ∆m for chargino masses below ∼ 200 GeV. In order to have small or negative ∆m when we have large tan β from the Higgs mass constraint we need, again from Eq. (2.1) and see also Fig. 1 , that µ is small, and M 1 is relatively small and negative, of the order of ∼ 200 GeV. This is then prevented by the LEP and Tevatron bounds, because this will result in too light charginos.
At small mass differences we observe a focusing in Fig. 2 at around 150-200 MeV mass difference. This is due to a wino-like chargino and neutralino, M 2 < |µ|, where the mass difference comes from radiative corrections of order αM W , with some numerical prefactor. Again the Higgs mass constraint plays an important role: from Eq. (2.2) we see that large tan β, which implies small sin 2β, significantly depletes the tree-level contribution from all terms of order less than 1/µ 4 in the expansion. The wino LSP dominates the smaller mass differences, as we discuss below.
The fine-tuning parameter of Eq. (3.8) versus the mass difference is shown in Fig. 2  (right) . Because of the naturalness inherent in the log-prior we see a rather low finetuning for significant fractions of the preferred parameter space. The banana of finetuning observed when focusing on low mass differences in the lower panel is again an effect of dominantly wino LSPs at small mass differences. When parameter combinations that have a wino LSP, M 2 < |µ|, |M 1 |, are selected in the scan, then to achieve a mass difference below ∼ 0.5 GeV, the |µ| parameter must also be relatively large in order for the radiative correction to be the dominant contribution to the mass difference, see Eq. (2.2). This in turn gives rise to additional fine-tuning, since in the MSSM, µ enters directly into the tree-level expression for M Z in Eq. (3.8).
The composition of the neutralinos in these models is shown in Fig 3, where the left panel shows a scatter plot of the wino component. This demonstrates what we have claimed above: the smaller chargino-neutralino mass differences in Natural SUSY are dominated by winos, not higgsinos.
If we split the posterior parameter space into wino and higgsino categories depending on the dominant component, the neutralino mass versus ∆m distribution is shown in Fig. 3 (right) for a dominantly higgsinoχ 0 1 . This distribution is centered around mass differences of the order of 5-10 GeV. There is a small fraction of the parameter space with very small mass differences, but this makes up an almost insignificant volume in the total space. This is due to (i) the requirement of naturalness built into the logarithmic priors, limiting high values of |M 2 |, and (ii) to the relatively high Higgs mass measured that favours large tan β (see discussion in Section 2.1). We discuss the consequences of these results in the next section. 
Implications for collider searches
For small mass differences in R-parity conserving models the relevant decay modes of the chargino areχ
where the latter is dominant down to threshold [5] . Below this threshold the chargino lifetime increases significantly, and this is where effects from a long-lived chargino are expected.
In Fig. 4 we show the posterior lifetime distribution for the chargino in our scan, also separated into models with bino, wino or higgsino-dominated neutralinos. The longer lifetimes are dominated by winos, with a distinct peak for the loop-dominated ∆m around 150 MeV. The higgsinos result to medium lifetimes, mostly controlled by a typical 5-10 GeV mass difference. This is to be compared to the shortest lifetimes and much larger mass differences of a bino LSP, with the chargino being either a wino or a higgsino.
Note that Fig. 4 carries another message: within Natural SUSY, the relative probability for a bino, wino or higgsino LSP (the area below the respective curves) is rather similar under the constraints applied, with the higgsino scenario being slightly disfavoured.
The collider phenomenology of charginos at the LHC depends on the lifetime shown in Fig. 4 . Typically, most charginos will, due to their significant mass, be produced with momenta smaller than their mass, but still at relatively large velocities because of the large centre-of-mass energy of the proton collision and possible feed-down energy from the decay of heavier sparticles. This means that cτ provides a good indication of the distance travelled by these charginos before decay. 11 The phenomenology can be classified as in [50] , where values of cτ > ∼ 1 cm (or τ > ∼ 3.3 × 10 −11 s) give a substantial number of kinked tracks in the inner detector of ATLAS.
For even smaller mass differences below the pion threshold, giving cτ > ∼ 1 m, a significant number of charginos can be obtained in the muon system as well. At higgsino (wino) masses below 217 GeV (267 GeV) these are already excluded by limits on metastable particles from the Tevatron [40] .
The kinked track scenarios should be easily detectable and have been looked for in current ATLAS and CMS searches which reach down to lifetimes of 0.06 ns (cτ = 1.8 cm) [11] . The search in [11] is interpreted in terms of a minimal AMSB model with m 0 = 1 TeV, tan β = 5 and µ > 0, and a free gravitino mass m 3/2 that controls the wino LSP mass. Despite this model dependence, since only direct chargino production was considered, the limit set as a function of the chargino lifetime and mass, should apply fairly generally.
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The impact of this limit on our posterior distribution is shown in red in Fig. 5 (left) . We see that the searches are sensitive to, and have excluded, some models at the edge of the Natural SUSY parameter space, but only for the wino LSP scenario. For the parameter space with lifetimes in the range ∼ 10 −10 -10 −8 s and masses beyond the current reach of the LHC, the non-excluded region is mostly outside the 95% C.R.
Only a very small volume of the preferred parameter space features actually long lived charginos with τ > ∼ 10 −8 s. For these models the Tevatron limits in [40] should apply, although making an accurate assessment in the mass reach is made difficult by a transitional interval in lifetime up to τ ∼ 10 −7 s, where only some charginos make it through the muon system. There is also a potentially interesting area left for long-lived winos between the LEP and LHC limits, from 70 to 100 GeV. However, a more detailed and less conservative implementation of LEP limits, or an extension of the ATLAS search to lower masses, would probably close this gap.
In Fig. 5 (right) we see that the excluded part of the parameter space with a chargino lifetime around 10 −10 s is also the most fine-tuned and least natural one, for reasons that were discussed in relation to the fine-tuning banana in the previous section. The black and white lines show the 68% and 95% C.R., respectively. Overlayed in red is the limit from a recent ATLAS search for kinked tracks [11] .
For lower lifetimes, down to values of cτ of order 30 µm, chargino decays may potentially be observed as tracks with non-zero impact parameter. However, due to large backgrounds from e.g. heavy quark decays it will be very difficult to trigger and identify SUSY events on this basis alone.
For Natural SUSY models with a higgsino LSP we saw in Fig. 3 that a typical charginoneutralino mass difference was in the region of 5-10 GeV (and cτ ∼ 10 −8 m). In this case the dominant chargino decay is not to a single pion, but instead to hadron showers (BR ∼ 70%) with a significant admixture of lν (∼ 30%). Both of these signatures are challenging to detect due to the relatively soft nature of the particles produced, but not impossible.
Conclusions
Using a Bayesian parameter scan, we have explored within the MSSM framework to what extent Natural SUSY prefers long-lived charginos, and if it could even harbour a chargino lighter than the lightest neutralino, when confronted with a relatively conservative set of current direct and indirect constraints. We have also looked at the likely composition of the LSP given the same constraints.
We have shown that the bulk of the posterior probability has chargino-neutralino mass differences above 150-200 MeV, and that negative mass differences are outside the 95% credible region of Natural SUSY in the MSSM. We note that the latter is a highly nontrivial consequence of the constraints applied, in particular the combination of the LHC Higgs mass measurement and a careful conservative consideration of the LEP and Tevatron constraints on the chargino.
As this preferred mass difference is larger than the pion mass threshold for the decaỹ χ ± 1 →χ 0 1 π ± , we find a corresponding preference for chargino lifetimes below ∼ 10 −10 s, meaning that long-lived charginos is not an expected signature of Natural SUSY. The composition of the LSP is also fairly democratically distributed between bino, wino and higgsino, however, the addition of a dark matter relic density constraint, thus assuming that the lightest neutralino constitutes dark matter, is likely to change this.
In the region of preferred parameter space with the longest chargino lifetimes, the mass degeneracy is due to wino dominance. In this scenario, the level of degeneracy and thus the chargino lifetime increases for larger values of |µ|, until it is dominated by loopcorrections. As a result, the parameter region with the longest lifetimes is also a region with relatively high fine-tuning. Current experimental searches by ATLAS and CMS for long-lived particles are starting to exclude this scenario. Should such a long-lived particle be found just beyond current bounds, the conclusion, on the basis of the current paper, must be that it is either a wino, or that Natural SUSY is not realized.
A more natural scenario within Natural SUSY, where the lightest neutralino and chargino are predominantely higgsinos, favours chargino lifetimes below ∼ 10 −15 s, and correspondingly chargino-neutralino mass differences above ∼ 5 GeV. This scenario is challenging for discovery, but because of the relatively substantial mass difference, compared to the wino case, not impossible, and deserves serious experimental investigation.
